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Abstract

Age-associated B cells (ABC) accumulate with age and are associated with autoim-
munity and chronic infection. However, their contributions to acute infection in
the aged and their developmental pathways are unclear. We find that the response
against influenza A virus infection in aged mice is dominated by a Fas*GL7 effector
B cell population we call infection-induced ABC (iIABC). Most iABC express IgM and
include antibody-secreting cells in the spleen, lung, and bone marrow. We find that
in response to influenza, IgD*CD21 CD23 ABC are the precursors of iABC and be-
come memory B cells. These IgD*ABC develop in germ-free mice, so are independent
of foreign antigen recognition. The response of ABC to influenza infection, resulting
in iABC, is T cell independent and requires both extrinsic TLR7 and TLR? signals. In
response to influenza infection, IgD*ABC can induce a faster recovery of weight and
higher total anti-influenza IgG and IgM titers that can neutralize virus. Immunization
with whole inactivated virus also generates iABC in aged mice. Thus, in unimmunized
aged mice, whose other B and T cell responses have waned, IgDTABC are likely the
naive B cells with the potential to become Ab-secreting cells and to provide protec-

tion from infection in the aged.
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1 | INTRODUCTION the US, over half of influenza-related hospitalizations and deaths and
over 80% of COVID-related deaths, were in patients over the age of
65 (Bartleson et al., 2021; Kline & Bowdish, 2016). Immune response

to infections in aged populations are often weak and most current

In elderly patients, lower respiratory tract infections caused by vi-
ruses such as influenza and SARS-CoV-2, are the most common cause

of hospitalizations (Bartleson et al., 2021; Kline & Bowdish, 2016). In influenza vaccines fail to induce sufficient protective immunity
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to prevent severe illness (Frasca & Blomberg, 2020; McElhaney

et al., 2016). Defining the changes in the immune system with age
and in response to influenza infection is likely to provide insights
into the heightened susceptibility of elderly patients to new infec-
tion with rapidly mutating viruses like influenza and other ssRNA vi-
ruses. Determining the mechanisms that promote the most effective
immune responses in the aged, should inform strategies to improve
vaccines and therapies for the aged.

The immune system undergoes many changes with age that
contribute to reduced responses to infections and to immunizations
(Frasca & Blomberg, 2020; Shaw et al., 2013; Swain et al., 2021).
Responses mediated by innate cells are reduced (Shaw et al., 2013;
Wong et al.,, 2017) with age. Multiple steps in the development
of adaptive responses of T and B cells are also impaired (Frasca &
Blomberg, 2020; Haynes & Swain, 2006). Aged mice have a much
smaller pool of naive CD4 T cells, and thus, have a more restricted
TCR repertoire (Dorshkind & Swain, 2009). Aged naive CD4 cells
respond less vigorously to antigen and develop fewer CD4 T cell ef-
fectors (Chinn et al., 2012; Jones et al., 2010; Shifrut et al., 2013;
Zhang et al., 2014), including T follicular helper (Tg,,) cells (Eaton
et al.,, 2004; McElhaney, 2011). The aged effector T cells develop
little T cell memory (Zhou & McElhaney, 2011). Like T cells, the gen-
eration of immature B cells in the bone marrow (BM) decreases with
age (Scholz et al., 2013), so the naive mature B cell pool consists of
longer-lived, older follicular B cells (FOB) and marginal zone B cells
(MZB; Guerrettaz et al., 2008; Gibson et al., 2009) that respond less
vigorously to antigenic challenge than B cells from younger individ-
uals (Frasca & Blomberg, 2020). In responses to new or mutated
pathogens, these impairments in conventional naive B cell and T,
responses cause decreased germinal center B cell (GCB) responses
(Brahmakshatriya et al., 2017; Haynes et al., 2004; Jones et al., 2010)
with fewer isotype-switched Ab-secreting cells (AbSC), fewer long-
lived PC (LLPC) and fewer memory B cells (B, ) (Brahmakshatriya
et al., 2017; Eaton et al., 2008; Lefebvre et al., 2016; Zhang
et al, 2014). This leads to less effective clearance of virus and
less durable protective memory (Frasca & Blomberg, 2020). Since
responses of naive B cells to novel antigens presented by new
variants of viruses and vaccines are poor in the aged (Frasca &
Blomberg, 2020; Scholz et al., 2013), there is an increased reliance
on previously generated memory B cell responses (Devarajan &
Swain, 2019). Although there are fewer naive FOB cells with age,
the total number of B cells is similar in young and aged mice (Scholz
et al., 2013), raising the possibility that additional subsets of B cells
might exist in aged animals.

Michael Cancro's group identified a novel subset of splenic B cells
that accumulated with age in unimmunized mice (Hao et al., 2011)
and were defined by lack of expression of CD21 and CD23 (Hao
et al., 2011; Ratliff et al., 2013). B cells of that phenotype were sub-
sequently identified in humans (Rubtsov et al., 2011) and were also
called age-associated B cells (ABC). Experiments using ABC from un-

immunized mice, indicated that addition of TLR7 or TLR9 stimulation

paired with anti-p activation was needed to induce their prolifera-
tion in vitro (Hao et al., 2011). Pippa Marrack and colleagues simulta-
neously described a murine CD21°CD11c*CD11b* population which
increased with age and also was called ABC (Rubtsov et al., 2011).
They found these CD11c"ABC accumulated in unimmunized aged
and young autoimmune-prone mice (Manni et al., 2018; Rubtsov
et al., 2011, 2013) and that they played a key role in autoimmunity.
The Marrack ABC resembled extrafollicular (EF) B cells, or atypical
B cells, that develop in autoimmunity (Jenks et al., 2018; Rubtsova
et al.,, 2017) and in chronic infections in humans (Courey-Ghaouzi
et al,, 2022; Sutton et al., 2021) as all share CD11c and T-bet ex-
pression. Thus, there is compelling evidence that ABC are a unique
B cell population that develops with age and that ABC play key roles
in autoimmunity and are associated with aged responses to chronic
infection in both mice and humans. In contrast to ABC in unimmu-
nized aged mice, which we show here are likely naive B cells, ABC
characterized in chronically infected/autoimmune human patients
are likely effector or memory B cells. Therefore, cells called ABC
probably encompass B cells at multiple stages of differentiation
(Kugler-Umana et al., 2020).

Cancro has suggested that CD21°CD23 ABC are an antigen
(Ag)-experienced memory B cell population (Cancro, 2020; Russell
Knode et al., 2017), since they require signals from CD40L, and thus,
likely cognate interaction with CD4 helper T cells for their devel-
opment (Russell Knode et al., 2017) and collectively contain more
somatic mutations in their B cell receptors than naive follicular B
cells (Russell Knode et al., 2017). However, we note that in unimmu-
nized aged mice, the majority of ABC still express surface IgD (Swain
et al., 2017) and express a diverse B cell receptor repertoire (Russell
Knode et al., 2017), a phenotype more compatible with a naive pop-
ulation of B cells.

The extent of the role of ABC in acute infections and their con-
tribution to anti-pathogen immunity are not well-defined. Given
that the ABC population becomes a larger B cell subset as mice get
older, making up more than one-third of B cells in the aged mice (18-
20M) (Hao et al., 2011), and that FOB at this age respond very poorly
(Frasca & Blomberg, 2020; Scholz et al., 2013), we postulated that
ABC might make an important contribution to protective immunity
and provide an alternate pathway to Ab production to pathogens.
Thus, we set out to more clearly define the subset(s) of ABC in unim-
munized aged mice that responds to infection, the mechanisms that
drive their response and whether they give rise to protective AbSC
that combat infection.

We analyzed the kinetics of B cell responses following influenza
A virus (IAV) infection of aged versus young mice (Brahmakshatriya
et al.,, 2017; Lefebvre et al., 2016) and found that aged mice devel-
oped an effector B cell population that expressed Fas but not GL7
(iIABC). This population was the dominant B cell response in aged
mice and it peaked at 21 days post-infection (dpi) in the spleen, BM,
and lung. Many of the iABC became AbSC (CD138%) that expressed

IgM and published ABC markers, with small subsets expressing
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1gG2b and IgA. The CD21 CD23 ABC in aged naive wild-type mice
included both surface IgD* and IgD™ B cells, and we found the
IgD*ABC are the precursors of the great majority of iABC generated
by influenza infection. The generation of iABC from IgD*ABC did
not require T cell help but required both extrinsic TLR7 and TLR9
signals. Unlike iABC, the development of precursor ABC in aged
mice did not require endosomal TLR and occurred in germ-free (GF)
mice in the absence of foreign Ag. This suggests that ABC devel-
opment is part of an intrinsic program of aging and that IgD*ABC
are most likely naive cells. We found that IgD*ABC-derived AbSC
can make influenza-specific IgM and IgG Ab, which can neutralize in-
fluenza and can accelerate recovery from infection-induced weight
loss. Importantly, immunization with whole inactivated PR8 influ-
enza virus (WIV), generated an equivalent iABC response in aged
mice. Thus, we speculate that in response to infection, the IgD*ABC
population in aged individuals differentiates into AbSC that provide
Ab-mediated protection and that in the aged ABC provide an alter-
nate B cell pathway to protect against novel influenzas, and likely
against SARS-CoV-2 and other viruses that depend on naive B cell

responses.
2 | RESULTS
2.1 | Inaged mice,iABC are the dominant

responding B cells to IAV

To better understand the features that distinguish B cell response
in young (3-4 M) and aged (18-20 M) C57BL/6 mice, we monitored
the in vivo kinetics of their B cell response to IAV infection. The
young mice developed a robust GCB population, defined by ex-
pression of both Fas and GL7, that peaked at 14 dpi and was found
in the spleen, but not lung or bone marrow (BM) (Figures 1a and
S1a; Lefebvre et al., 2016). In contrast, in aged mice, we found very
few GCB (Figures 1a and S1a) and instead they developed a domi-
nant Fas™GL7™ population, which we termed infection-induced
age-associated B cells (IABC). The iABC peaked at 21 dpi and were
found in spleen, lung, and BM (Figures 1a and S1a). As expected,
neither iABC nor GCB developed in the absence of IAV infection
(O dpi; Figure 1a). These results demonstrate that in naive aged
mice infected with 1AV, generation of iABC is the dominant out-
come of the B cell response and hence the most likely source of
protective Ab. Previous studies found ABC effector B cells linked
to autoimmunity and chronic infections express CD11c, T-bet, and
CD11b (Jenks et al., 2018; Kugler-Umana et al., 2020; Phalke &
Marrack, 2018) which became the accepted markers of ABC. Here,
we found in aged mice, that the iABC responding to influenza in-
fection in the spleen, also expressed CD11c, T-bet, and CD11b.
Additionally, iABC in aged mice expressed these markers at higher
levels compared with GCB in young mice at 21dpi (Figure 1b).
This suggests that many iABC share these signature phenotypes
with those previously identified ABC effectors (Kugler-Umana
et al., 2020).

Aging

2.2 | iABCinclude CD138" plasma cells, that
express mostly IgM with smaller IgG2b* and
IgA* subsets

We asked if iABC include isotype-switched B cells that express an
AbSC phenotype (CD138%). At 21 dpi, we found that over 80% of
responding iABC (IgD"Fas™GL7") in the spleen, lung, and BM, ex-
pressed intracellular IgM (Figure 1c). About one-third of IgM*iABC
co-expressed CD138" in the BM, indicating that IgM*iABC include
AbSC (Figure 1d). Therefore, the largest fraction of the iABC gener-
ated by IAV infection are IgD IgM* responding B cells which have
not switched to other isotypes. This is consistent with the fact
that influenza-specific 1gG antibodies decrease with age (Lefebvre
et al., 2016). Further analysis of the iABC revealed a population of
1gG2b"iABC in the lung (11-15%) and spleen (2-7%), and smaller
populations of iABC expressing 1gG1(1-4%) and IgA (2-6%) in the
lungs (Figures 1c and S1b). The presence of AbSC among iABC in
the lung is important since this is where influenza replicates. We
did not detect any intracellular 1gG2c (Figures 1c and S1b). Amongst
IgD IgM7IABC in the BM of aged mice, we detected 1gG2b*iABC,
as well as smaller populations of 1gG1" and IgA* iABC (Figure S1b).
Thus, the iIABC response to IAV infection can develop AbSC of sev-
eral isotypes in multiple tissue sites including the lung and BM.

2.3 | ABCin unimmunized mice are a heterogenous
population of IgD* and IgD~ ABC

Some studies have suggested that ABC are memory B cells that ac-
cumulate in aged mice (Cancro, 2020; Du et al., 2019; Russell Knode
etal., 2017). However, our preliminary data indicated that the largest
fraction of ABC express surface IgD (Swain et al., 2017), a phenotype
more compatible with a naive B cell population. To evaluate the het-
erogeneity of the total ABC population in unimmunized aged mice,
we analyzed the surface IgD and IgM expression of CD21"CD23"ABC
(Figure 2a) and compared their expression with those of the two
conventional naive B cells present: FOB (CD21*CD23") and MZB
(CD21*CD237; Figure S2a). A major population of ABC (about 66%)
expressed surface IgD, as did almost all FOB (about 94%) and most
MZB (about 84%; Figure S2a). This is consistent with the hypothesis
that the population of ABC in unimmunized aged mice is composed
mostly of naive B cells. Unlike FOB and MZB, the ABC population
also contained a substantial fraction of IgM*lgD™ B cells (about 21%)
and IgM’IgD™ B cells (about 13%; Figure 2a), indicating the ABC
population is heterogenous and suggesting it might contain some

Ag-experienced B cells.
2.4 | IgD*ABC share a common gene signature
with previously reported ABC

Since the ABC population in unimmunized aged mice contains both
IgD* and IgD™ B cells, we asked which subpopulation shared more
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FIGURE 1 Kinetics of aged B cell effectors and Ab response. (a) Experimental Design: Aged (18-20 M) and young (3-4 M) B6 mice, were
infected i.n. with 0.3 LD, (25 PFU) PR8 (IAV) and sacrificed at O, 7, 14, 21, and 28 dpi for analysis of B cell responses in the spleen, lungs
and bone marrow (BM) by flow cytometry. Representative FACS plots indicate responding B cells by Fas and GL7 expression cells (left) and
the kinetics of iIABC(Fas*GL7") versus GCB(Fas*GL7") response is expressed as total cell numbers per organ in the spleen, lung and BM

of young and aged mice. (b) Representative histograms and normalized MFI showing CD11c, CD11b, and T-bet expression in iABC in aged
mice (black) versus GCB in young mice (grey) response in the spleen. (c) Representative FACS plots and total numbers of IgM™*, 1IgG2b*, IgA*,
1gG1", and 1gG2a"iABC in spleen, lung and BM at 21 dpi. (d) Representative FACS plots and total numbers of IlgM*CD138%, IgG2b*CD138",
IgA*CD138™, 1IgG1"CD138", and IgG2a*CD138"iABC in spleen, lung and BM at 21 dpi (n1=6-12 pooled from 2 to 3 separate experiments)
Error bars represent SEM. Statistical significance determined by two-tailed, unpaired Student's t-test; *p <0.05; **p<0.01; ***p<0.001,
****p<0.0001
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FIGURE 2 Age-associated B cells (ABC) subsets and iABC develop independently of T cells. (a) Experimental Design: Uninfected Aged
(18-20 M) and young (3-4 M) female B6 mice were sacrificed. CD23"CD21 ABC subsets in the spleen were analyzed by flow cytometry.
Representative FACS plot of gated ABC (CD43"CD937B220"CD19"CD23°CD21) (left) and the number IgD™, IgM*IgD™ and IgD IgM~ ABC
(right) (n = 9-12 pooled from 5 to 6 separate experiments) (b, c) Experimental Design: Uninfected Aged (18-20 M) female B6 mice were
sacrificed, Spleens were harvested, IgD*CD23"CD21 ABC, IgD"CD23"CD21"ABC and IgD"CD23*CD21 FOB were FACS sorted for RNA
sequencing. (b) Venn diagrams showing the fraction of expressed genes shared between IgD*ABC and published ABC genes reported by
Marrack (Rubtsov et al., 2011) and Cancro (Russell Knode et al., 2017) (top) and the same analysis with IgD”ABC (bottom). (c) GSEA plots
assessing enrichment of ABC signature genes that are upregulated in sorted IgD™ (top) versus IgD~ (bottom) ABC (n = 2 pooled from 2
separate experiments). (d) Experimental Design: Aged (18-20M) and young (3-4 M) female B6 mice were treated with anti-Thy1.2 or isotype
control Ab on 0 DPI and 7 DPI, infected with 0.3LD., (25 PFU) PR8 (IAV) and sacrificed at 14 dpi. Spleens were harvested and analyzed for
iABC and GCB by flow cytometry. Representative FACS plots and cell numbers of iABC (Fas*GL7") and GCB Fas*GL7* gated on mature B
cells (B220"CD19%) in anti-Thy1.2 or isotype control Ab treated aged and young mice in the spleen (n = 8-10 pooled from 2 to 3 separate
experiments). Error bars represent SEM and statistical significance determined by two-tailed, unpaired Student's t-test; *p <0.05; **p <0.01;
***p<0.001, ****p <0.0001.
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in common with published ABC subsets. We compared IgD*ABC

and IgD"ABC gene expression to the gene expression of ABC found
in unimmunized aged mice characterized in previous studies by
Cancro (CD21"CD23"ABC; Russell Knode et al., 2017) and Marrack
(CD11c*CD11b*ABC; Rubtsov et al., 2011; Figure 2b). The gD pop-
ulation shared 54 upregulated genes with the Cancro ABC popula-
tion and 122 upregulated genes with the Marrack ABC population
(Figure 2b). In contrast, the IgD"ABC subset only shared 18 upregu-
lated genes with the Cancro ABC subset and 44 upregulated genes
with the Marrack ABC subset (Figure 2b; Russell Knode et al., 2017,
Rubtsov et al., 2011). To confirm that IgD*ABC shared a common
gene signature with published ABC subsets, we classified the 49
genes that were commonly upregulated by ABC in both the Cancro
and Marrack studies (Figure S2c), as a core ABC signature. We then
performed a GSEA analysis to check if the core ABC signature was
enriched in IgD* and the IgD"ABC gene expression. Our analysis
showed that the shared ABC signature was significantly enriched in
IgD*ABC, but not in the IgD”"ABC population (Figure 2c). Thus, the
IgD*ABC are most likely related to ABC populations published of
Cancro and Marrack.

2.5 | iABCdevelop independently of T cells

We know aged mice have a substantially decreased CD4 T helper re-
sponse (Lefebvre et al., 2016). Since aged mice nonetheless develop
a robust iABC in response to influenza (Figure 1), we hypothesized
that this subset is less dependent on CD4 T cell help. To further
evaluate this possibility, we depleted T cells using anti-Thy1.2 an-
tibody (Strutt et al., 2012) and then infected young and aged mice
with IAV. As expected, Thy1.2 depletion reduced the generation of
GCB in young mice compared with isotype control antibody-treated

mice (Figure 2d). In contrast, Thy1.2 depletion did not reduce iABC

generation in aged mice (Figure 2d). Therefore, iABC development in

aged mice in response to IAV is T-independent.

2.6 | IgD*ABC give rise to iABC

Since the CD21"CD23"ABC from aged mice are composed of IgD"
and IgD"ABC, we asked which subpopulation(s) contains the progen-
itors that give rise to iIABC in response to influenza infection. We hy-
pothesized that if IgDTABC are naive they should have a broad BCR
repertoire that would contain a higher fraction of B cells that could
respond to IAV and give rise to more iABC. We developed an adop-
tive transfer system using SAP™™ hosts that are deficient in T cell
help. SAP™™ mice do not generate Tg, responses (Kamperschroer
et al., 2006, 2008), and thus, mimic the aging host environment
where few T, develop in response to influenza infection (Lefebvre
et al., 2016). We sorted CD45.2%, aged IgD*ABC and IgD"ABC
(Figure S3a) and transferred them into young allotype-marked
(CD45.1) SAP™ hosts and infected with IAV (Figure 3a). Since ABC
have been implicated in autoimmunity (Phalke & Marrack, 2018),
we also transferred each subset to uninfected (no IAV) SAP™" hosts
to determine if indeed the responses we generate were driven by
IAV infection (Figure 3a). Analysis of donor populations at 21 dpi,
identified by CD45.2, revealed that donor IgD*ABC gave rise to an
iABC population (Fas*GL7") in both the spleen and BM. In contrast,
the IgD"ABC subset gave rise to only a very small iABC response
(Figure 3b,c). As expected, iIABC were generated in |AV-infected, but
not in uninfected mice (Figure 3b,c). There was a substantial popu-
lation of donor cells that retained the naive phenotype, expressing
neither GL7 nor Fas (Figure 3b) even in hosts that were infected,
which is expected, since we transferred a population of polyclonal
naive ABC, of which only a very small fraction are expected to have
a BCR that recognizes IAV.

FIGURE 3 IgD*ABC, not IgD"ABC or FOB, give rise to Most iABC. (a) Schematic of the transfer model (left): Cells were enriched by
positive MACS selection of cells stained with CD43, Ter-119 and CD23 to remove immature B cells and FOB(CD23*CD21"). IgD* versus
IgD"ABC were sorted by flow cytometry, transferred into SAP”/".CD45.1 hosts and were infected with 0.4 LD, (33 PFU) PR8 (IAV) or
left uninfected (No IAV). Hosts were sacrificed and spleens and BM were harvested at 21 dpi. (b) Representative FACS plots of iABC

(Fas*GL7") among gated donor B cells in hosts given IgD* and IgD"ABC. (c) Cell numbers of total donor (CD45.2) iABC derived from IgD*
versus IgD"ABC in the spleen and BM of infected versus uninfected SAP™/™ hosts. (d) Representative FACS plots and cell numbers of total
CD138%ABC from IgD* versus IgD”ABC in the spleen and BM of infected versus uninfected SAP™/~ hosts. (e) Schematic of the transfer
model: CD45.2 spleen cells were enriched by MACS Selection of CD43 and Ter-119 cells and mature B cells (B220*CD19") were sorted into
IgD*ABC (CD23°CD217) and IgD*FOB (CD23*CD21%) by flow cytometry and transferred into CD45.1.SAP™/™ hosts and either infected with
0.4 LD, (33 PFU) PR8 (IAV) or left uninfected (No IAV). Hosts were sacrificed and spleen and BM were harvested at 21 dpi. Representative
FACS plots (f) and cell numbers (g) of total iABC from donor (CD45.2) IgD*ABC, and IgD*FOB in the spleen and BM of infected versus
uninfected CD45.1 SAP™/” hosts. (h) Cell numbers of total CD138*ABC from IgD*ABC and IgD*FOB donors of infected versus uninfected
CD45.1.SAP™/" hosts in the spleen and BM (n = 5-6 pooled from 3 to 4 separate experiments; n = 5-6 pooled from 3 to 4 separate
experiments). (i) Schematic of transfer model and representative FACS plots: IgD*ABC (CD21°CD237) and IgD*FOB (CD23*CD21%) were
sorted from CD45.2 aged mice (18-20 M) by flow cytometry and transferred into wild-type (CD45.1) hosts and infected with 0.3 LD, PR8
(IAV). Hosts were sacrificed and spleens were harvested at 21 and 41dpi. (j) cell numbers of recovered donors (CD45.2%) cells and memory B
cells subsets (CD73*, CD737CD80™) in IgDTABC and IgD*FOB donors in the spleen at 41 DPI (n = 5-8 pooled from 2 separate experiments).
Error bars represent SEM Statistical significance determined by two-tailed, unpaired Student's t-test; *p <0.05; **p <0.01; ***p<0.001,
****p<0.0001.



KUGLER-UMANA ET AL.

Aging ¢!/ “wiLEy-L7*®

Donor Response (CD45.2°)-Spleen (21 DPI)

(@) (b)
Transfermodel to determine iABC Progenitors No IAV
SAPKO(CD45.17) o Ig"ABC  1gDABC ~ lgoABC IgD-ABC
FACS Sort Hosts AV 1 1 1
AgedB6  CD43B220-CD19" <7 <7 Infected ] | W e
(CD45.27) co23co21- AL —a i ] 674 i 543 111
S laD*ABC Uninfected 21 DPI 1 ! (=
8- " S6)| @) || e | €
> AV arvest i N
CD43B220CDIY _~  _w nrecieq ~ ]
CD23CD21- “AAR R A
1gD-ABC 4~ Uninfected Fas (CD9S)
(c) Donor (CD45.2*) iABC Response (21 DPI) (d) Donor(CD45.2)-Derived CD138 iABC
AbSC (BM AbSC (Spleen
N sp!:f? - BM , BM s (BM) . ("g* )
=~ =~ 1 a4 = g mIAV
- - - { D138 o o
S 2 S8 12 o | S 2 ONo IAV
(o] O | | Y 8 o 4
@ @ 1 : Bz 2
< 1 < 4 w© | ,’ < <
* *®* 21 QJ * 1 *® 2
0 . B o 0
IgD*ABC IgDABC IgD*ABC IgD-ABC IgD*ABC IgD-ABC  IgD*ABC IgD-ABC
© ) Donor Response (CD45.2*)-Spleen (21 DPI)
Transfermodel to identify iABC Progenitors v v
SAP KO(CD45.1%) IgD*ABC IgD*FOB IgD-ABC IgD*FOB
FACSSort  Hosts { | 1
AV 1 1 ,
(égig 35) CD438220°CO1S" 2 - Infected | 1‘ ]
C%f:ﬁg? 4 A Uninfected 21 DRI ] ‘1 i
b"\ 1ABC ~usc| | KBC
] " AV, arvest | | ! @ o’
CD43-B220-CD19" i { 1z ( ER e ( J
CD23-CD21- ~gZn < Infected 3 € — J , ° J -1 = {
@) Donor CD45.2° iABC Response (h) SOROPS S IRDS BeRpornae
#iABC (Spleen) ADbSC (Spleen) AbSC (BM)
8 L RRRR & _** RRRR
AR ARAR 2
g: “m 5 = - miAv
c 210 o8 . ) ONo IAV
02 : ; = - = 2 i
o n @ Qg &) L™
= <05 a2 @
¢ 1 | ] ; o~ < 2 .
*2 3*x 1
0 0 o
IgD*ABC IgD*FOB
g g IgD"ABC 1gDFOB IgD"ABC IgD°'FOB  IgD"ABC  IgD*FOB
(i (0)]

Transfer Model to Determine Memory Response

WT (CD45.1%)
FACS Sort Hosts ~15

AgedBE  CD43B220-CD19" _~ =
(CD45.27) C23CD21- _y 63 ) ® 10

@{ IgD*ABC AV g
CD438220-CD19* infectad 505

CD23-CD21° a7, l a

1gD*FOB s
218 41DPl = 0

Harvest

To determine if the iABC derived from the transferred IgD*ABC
donors become AbSC, we stained for CD138 (Nutt et al., 2015) and
analyzed by FACS. Following immunization, most of the iABC (80%)
derived from the transferred IgD*ABC, had lost IgD expression,and a
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fraction expressed CD138%, indicating they were AbSC, in the spleen
(28%) and BM (38%; Figure 3d). This data indicates that in the aged,
IgD*ABC are the B cell precursors with the highest potential to dif-

ferentiate into the iIABC and AbSC in response to a primary infection.
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2.7 | 1gD*ABC, not FOB, are the
progenitors of iABC

Aged mice still maintain a substantial population of FOB and a
small one of MZB cells (Hao et al., 2011), either of which could
potentially give rise to iABC. Studies show that MZB responses are
largely impaired due to several mechanisms in the aged (Birjandi
et al.,, 2011; Turner & Mabbott, 2017), making them unlikely to
be precursors of iABC. However, if some FOB can respond in the
aged, they might contribute to the AbSC response. We isolated
equal numbers of IgD*ABC and IgD*FOB, from aged, uninfected
B6 mice, and transferred them into separate groups of infected
or uninfected SAP™~ CD45.1 hosts (Figures 3e and S3c). After 21
dpi, we assessed the number of iABC formed from each of the
donor subsets, in the spleen and BM (Figures 3f,g and S3d). Hosts
that received IgD*ABC donor cells developed a substantial iABC
response in spleen and BM, while FOB generated only background
levels of iIABC (Figure 3f,g). None of the uninfected hosts devel-
oped significant iABC. Moreover, CD138%ABC developed from
IgD*ABC, but not from FOB in the spleen and in BM (Figure 3h).
Thus, IgD*ABC, but not IgD*FOB, gave rise to iABC that become
AbSC in response to IAV infection.

In the above experiment in SAP KO hosts, the IgD*FOB did not
give rise to iABC or other strong responses but it is possible aged
FOB could give effector B cell responses in a host with young WT
CD4 T cells. Therefore, we sorted IgD*ABC and IgD*FOB from aged
mice (CD45.2), transferred each into young WT hosts (CD45.1) and
infected these hosts with IAV (Figure 3i). We analyzed iABC and
GCB generation at 21 dpi. Similar to results in SAP™~ hosts, donor
IgD*ABC gave rise to many more iABC (Fas*GL7") than aged donor
FOB in the WT hosts (Figure S4a). Next, we analyzed the expres-
sion of GL7, Fas, CD80, CD11b, CD11c, and T-bet of total donor-
derived (CD45.2) cells at 21 dpi. Although donor FOB made very few
iABC, we wanted to confirm this using additional published iABC
markers. As expected (Figure 1), the total population of IgD*ABC
donor-derived effectors expressed high levels of Fas but not GL7,
and clearly expressed more of the previously published iABC mark-
ers CD80, CD11b, CD11c, and T-bet compared with FOB donors
(Figure S4b) confirming that IgD*ABC are the progenitors of iABC.
These results, combined with those in SAP™" hosts and using multi-
ple ABC markers, strongly support the concept that in the aged mice
(18-20M), responses to IAV predominantly come from IgD*ABC

progenitors.

2.8 | Responding lgD*ABC, not FOB become
memory B cells

We asked if IgD*ABC could give rise to memory responses dur-
ing IAV infection. Using the transfer model described above
(Figure 3i), we quantified memory B cell responses from IlgD*ABC
donors, at 41 dpi in the spleen. We recovered a much higher num-
ber of donor cells derived from IgD*ABC precursors than from

FOB (Figure 3j) and these included higher numbers of CD73" cells
and CD737CD80" cells, that have been classically used to define
memory B cells (Johnson et al., 2020; Onodera et al., 2012) indi-
cating that IgD"ABC (Figures 3j and S4c) can give rise to memory
B cells. Thus, IgD*ABC can differentiate into memory phenotype
B cells in response to influenza infection, suggesting that they are
likely to have potential to confer long-term protection in addition

to Ab responses.

2.9 | ABC accumulation is independent of
commensal bacteria and foreign Ag

Little is known of the origins of the progenitor ABC that accu-
mulate with aging. Previous studies suggested that Ag exposure
plays a role in the generation of CD21 CD23 ABC (Cancro, 2020;
Russell Knode et al., 2017), but those studies did not separately
evaluate the IgD" progenitor subset and did not determine if Ag
exposure was due to foreign or self Ag. We speculated that the
development of the IgD*ABC subset with age would not require
foreign Ag stimulation, though we considered it might have a role
in generation of the IgD™ subsets. To address the role of foreign
and commensal Ag exposure, we compared ABC from our aged
specific pathogen free (SPF) mice that contain Ag from commensal
organisms and are exposed to foreign Ag from the environment,
with aged germ-free (GF) mice that lack commensal microbes and
are isolated throughout life to prevent exposure to environmen-
tal Ag. Aged female SPF and GF mice had equivalent high pro-
portions and absolute numbers of splenic ABC (Figure 4a). Like
young SPF mice, young GF mice did not develop a distinct ABC
population (Figures 4a and S5a,b). We used surface staining to as-
sess IgD" and IgD"ABC subsets within the ABC. The percentage
and numbers of ABC that are IgD*, IgD"IgM™*, and IgD"IgM~ were
comparable in SPF and GF female mice (Figures 4b and S5c). In
both SPF and GF aged mice, the IgD" population was the largest
population. We also compared the numbers of ABC in male and
female mice. Aged male mice, both SPF and GF, had lower pro-
portions of ABC compared with females, consistent with earlier
indications that female mice accumulate more ABC with age (Hao
et al., 2011; Russell Knode et al., 2017; Figure 4a). Thus, with age,
accumulation of ABC occurs independent of exposure to foreign
or commensal Ag and is most prevalent in female mice. This sup-
ports the concept that an intrinsic developmental program drives
the development of ABC rather than extrinsic factors such as en-

vironmental or commensal Ag stimulation.

2.10 | Development of ABC is independent of
TLR7 and TLR9

Previous studies have suggested that TLR7 plays a key role in the
development of CD11c*ABC in autoimmune models and unim-
munized aged mice (Naradikian et al., 2016; Rubtsov et al., 2011,
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FIGURE 4 ABC subsets accumulate with age in germ-free (GF) and specific pathogen free (SPF) mice. (a) Experimental Design:
Unimmunized specific-pathogen free (SPF) and germ-free (GF), aged (22-24 M) and young (3-4 M) female and male Bé mice were sacrificed.
Spleens were harvested and analyzed by flow cytometry. Representative FACS plots and cell numbers of total ABC (CD21 CD23") in aged
SPF versus GF Bé mice (b) Representative FACS plots and cell numbers IgD*, IgM*lgD~, and IgD " IgM~ABC subsets in aged SPF versus GF
female B6 mice (n = 9-12 pooled from 7 to 8 separate experiments) Error bars represent SEM Statistical significance determined by two-
tailed, unpaired Student's t-test; *p <0.05; **p <0.01; ***p <0.001, ****p <0.0001.

2013). To ask if progenitor ABC required TLR7 and TLR9 for their
development, we examined the ABC populations that developed
in aged TLR7” and TLR9”" BALB/c mice. ABC development
was not impaired in either aged TLR7” or aged TLR9™™ mice,
and was comparable to that in wild-type (WT) aged BALB/c mice
(Figures 5a and S5d). Additionally, the percentage and numbers
IgD*, 1IgD"IgM™, and IgD IgM"ABC were comparable in the aged
WT, TLR7 or aged TLR9 ™™ mice (Figure S5e). Thus, neither TLR7
nor TLRY signaling is required for ABC accumulation with age. This
further supports the concept that the ABC and its and subsets de-
velop by an intrinsic program associated with aging, independent
of external signals from pathogen recognition that trigger TLR7
and TLR9 pathways.

2.11 | IgD*ABC require cell-extrinsic endosomal
TLR7 and TLR9 signals to generate iABC

Signaling through endosomal toll-like receptors (TLRs) and other
pathogen recognition (PR) receptors has been shown to markedly
enhance conventional anti-viral responses of FOB in young mice
(Iwasaki & Medzhitov, 2015; Rookhuizen & DeFranco, 2014). In vitro
TLR7 and TLR? stimulation are needed to activate CD23"CD21"ABC
isolated from unimmunized aged mice (Hao et al., 2011) and drive
autoimmune responses mediated by ABC-like cells (Phalke &
Marrack, 2018). To determine what role TLR recognition pathways
play in the generation of the iABC response to influenza infection,

we infected TLR7 and TLR9 deficient aged mice and compared their
responses to WT aged and young mice at 14 dpi. Neither TLR7” nor
TLR9™" mice developed iABC (Figures 5b and S5f). Very few GCB
developed in aged mice compared with young WT (Figure 5b). Thus,
unlike the progenitor ABC which develop independently of both
foreign Ag and TLR7 and TLR9 pathways, the iABC response to in-
fluenza infection is highly dependent on both endosomal TLR7 and
TLR9 pathways.

Most studies have focused on the cell-intrinsic role of TLR sig-
nals in ABC activation (Hao et al., 2011; Jenks et al., 2018; Rubtsov
et al., 2011, 2013; Teichmann et al., 2013). However, other studies
have shown that TLR-dependent activation of dendritic cells can
regulate autoreactive B cell response (Ols et al., 2016; Teichmann
et al.,, 2013). Whether the ABC response depends only on direct
TLR activation of the responding B cells (cell-intrinsic) or if it also
depends on TLR activation of non-ABC cells (cell-extrinsic) remains
unclear. To evaluate this, we transferred IgD*ABC from WT aged
B6 mice into B6.Unc93b™" recipients (Figure 5c). Unc93b is a chap-
erone protein required for the trafficking of TLR3, TLR7, and TLRY
receptors to the endocytic compartments where they engage their
ligands, and thus, Unc93-deficient mice cannot mount effective
endosomal TLR responses (Pelka et al., 2018). The recipients were
challenged with AV, and we analyzed iABC responses from donor
cells at 14 dpi (Figure 5d). Wild-type IgD"ABC donors developed
fewer iABC in Unc93™" than WT control hosts. This indicates that
iABC generation from ABC progenitors requires extrinsic activation
of TLR in host cells.
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FIGURE 5 Age-associated B cells (ABC) develop independent of endosomal TLR signals, while iABC generation from ABC requires

extrinsic endosomal TLR signaling. (a) Experimental Design: Unimmunized Young WT, Aged WT, TLR7 /"and TLR9"/" female BALB/c mice
were sacrificed and B cells populations analyzed in the spleen by flow cytometry. Representative FACS plots and cell numbers of total
CD21°CD23ABC in young WT and aged WT, TLR7/~ and TLR9"/" female BALB/c mice (n = 5-11 pooled from 2 to 3 separate experiments).
(b) Experimental Design: Young WT and aged WT, TLR7/” and TLR9"/" female BALB/c mice were infected with 0.4LD., (33 PFU) PR8 (IAV)
and sacrificed at 14 dpi. Spleens were harvested and analyzed by flow cytometry. Representative FACS plots and cell numbers of total iABC

(Fas*GL7") and GCB (Fas*GL7") found in young WT and aged WT, TLR7/~ and TLR9™/” female BALB/c mice (n = 6-9 pooled from 2 to 3
separate experiments). (c) Schematic of the transfer model: IgD*ABC (CD45.2) from aged Bé mice were isolated by sorting as in previous
experiments and transferred into B6.CD45.1 WT or B6.CD45.1.Unc93b7/™ hosts, that were infected with 0.4 LD, (33 PFU) PR8 (1AV).
Hosts were sacrificed and spleens were harvested at 14 dpi. (d) Representative FACS plots, percentage, and cell numbers of total iABC from
donor CD45.2 IgD*ABC in the spleen of infected CD45.1 WT versus Unc93b™" hosts (n = 5-6 pooled from 2 to 3 separate experiments).
Error bars represent SEM Statistical significance determined by two-tailed, unpaired Student's t-test; *p <0.05; **p <0.01; ***p<0.001,

****p <0.0001. NS = not significant.

2.12 | ABCresponses to IAV result in neutralizing
anti-influenza Ab

In Figure 1, we showed that iABC are the major responding pop-
ulation and become AbSC to primary immune response to influ-
enza infection in the aged. To evaluate whether ABC-derived Ab
can combat influenza infection in an adoptive transfer model,
we needed a host with very limited B cell responses to influ-
enza. The SAP™™ mice we used as hosts previously (Figure 3), still
have B cells that can mount T ,-independent antibody responses
(Kamperschroer et al.,, 2006), so are not useful for assessing

ABC-derived protection. We choose MD4 BCR transgenic mice
whose B cells do not respond to IAV, because the MD4 recep-
tor, specific for hen egg lysozyme (HEL) (Bortnick et al., 2012)
We transferred sorted IgD*ABC into MD4 hosts, infected them
with AV and collected the serum at 28-30dpi. MD4 hosts, not
given ABC cells prior to infection, were used as negative con-
trols (Figure 6a). MD4 with transferred IgD*ABC, recovered
more weight than control MD4 hosts without transferred cells
(Figure 6b). At 28-30dpi, we collected serum to evaluate Ab lev-
els and determine their ability to neutralize virus. MD4 hosts with
ABC had significantly higher titers of anti-influenza IgM and IgG in
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FIGURE 6 IgD*ABC produce neutralizing anti-IAV Ab and inactivated IAV immunization generates iABC. (a) IgD*ABC (CD45.2) were
sorted by flow cytometry and transferred into CD45.1 MD4 hosts and infected with 0.3 LD, (25 PFU) PR8 (IAV). Hosts were sacrificed and
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two-tailed, unpaired Student's t-test; *p <0.05; **p<0.01; ***p<0.001, ****p <0.0001.
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their serum compared with MD4 hosts without ABC (Figure 6c,d).

We used a plaque neutralization assay to determine if the serum

Ab could neutralize influenza A virus (IAV). The serum from MD4
hosts with transferred IgD*ABC, neutralized IAV preventing
plaque formation (Figure 6e), while that from hosts without trans-
ferred ABC failed to do so. This suggests IAV-induced iABC make
IAV-specific Ab responses, which can neutralize virus and hence
have the potential to provide significant protection from influenza

infection in aged animals.

2.13 | ABC also generate an iABC response to
inactivated influenza immunization

Compared with younger adults, the aged respond poorly to many
current influenza vaccines due to declining CD4 and CD8 T cell re-
sponses as well as B cell responses (Dugan et al., 2020; McElhaney
et al,, 2016). We showed that ABC can mount a T-cell independent
iABC response to live IAV in aged mice (Figure 2) and that this de-
pends on endosomal TLR signaling from host cells (Figure 5). Whole
inactivated influenza virus (WIV) contains all influenza components
including many B cell epitopes, and studies indicate they can stim-
ulate TLR7 and TLR? (Fink et al., 2018; Onodera et al., 2016). We
compared the ability of WIV immunization and live IAV infection, to
stimulate iABC generation in intact aged and young mice, as in our
earlier studies (Brahmakshatriya et al., 2017). We examined B cell
responses at 14 dpi, so we could assess both iABC and GCB devel-
opment in spleen, lung, and BM. In aged mice, both WIV immuniza-
tion and IAV infection generated equivalent numbers of iABC in the
spleen, lung, and BM. As expected in young mice, neither immuniza-
tion nor infection generated iABC, and IAV generated a greater GCB
response than WIV in the spleen (Figure 6f,g). These results suggest
that WIV can provide sufficient signals from Ag and TLR to drive
ABC to become iABC and provide proof of principle that vaccine
approaches like WIV, may succeed in harnessing ABC responses in
the aged.

3 | DISCUSSION

The inability to effectively vaccinate older individuals against life-
threatening pulmonary infections is a major public health concern,
so determining how to induce protective immune response in the
eldery critically important. We showed that aged mice (18-20M) do
not mount an effective GCB response following primary influenza
infection, but instead generate a novel B cell response, consisting of
aprominent Fas™GL7™ (iABC) population that also express previously
published ABC markers (T-bet, CD11c, and CD11b). The iABC are
derived from a naive subset of IgDTABC. These progenitors can be-
come memory B cells and AbSC that produce IgM and some IgG Ab
that is capable of neutralizing IAV. Importantly, immunization with
WIV as a vaccine, elicited a comparable iABC response in aged mice
as live infection. Thus, it seems likely that WIV provides high enough

Ag and PR signals to generate iABC in the aged. Inactivated vaccines
have been successfully used in the aged for decades and thus are a
feasible and safe approach to induce immunity in the aged. The suc-
cess of WIV immunization may provide an indication of approaches
that might that can safely harness ABC responses as an alternate
source of AbSC that protect elderly populations from new patho-
gens or strains.

We found that the iABC generated after influenza infection
mostly expressed IgM and were found in the spleen, lung, and BM.
This distribution resembles that seen for other T-independent re-
sponses of B1 and marginal zone B cells earlier in life, which mostly
produce extrafollicular IgM* Ab responses and also generate mem-
ory B cells (Allman et al., 2019; Cerutti et al., 2013). Studies show
that IgM* memory B cells have a diverse repertoire and contribute
to long-lasting durable protection (Allman et al., 2019; Bohannon
et al.,, 2016). In young mice, some effector B cells made in a pri-
mary response migrate to the lung early following infection, are also
GC-independent, predominantly IgM, and are especially protec-
tive against respiratory infection (Onodera et al., 2012). In young
mice, IgM Ab can neutralize influenza virus and they are maintained
over 18 months in infected and immunized mice, predicting that
they should be capable of providing durable protection (Bohannon
et al., 2016; Skountzou et al., 2014). We speculate that in the aged,
iABC that are predominantly IgM*, could be a source of Ab-mediated
protection following exposure to novel or emerging infections, re-
placing the impaired conventional B cell response.

The iABC generated by infection in aged mice contained a small
number of 1gG2b*AbSC in the spleen, lung, and BM and some
IgA*AbSC cells in the lung and BM. This suggests that the iABC
response drives a significant, though modest, level of isotype-
switching. In young mice, infection generates high levels of 1gG2b
and IgA, which contribute to Ab-medicated protection (Abreu
et al., 2020; Miyauchi et al., 2016). Young IgG2b Ab generation is
independent of T, but still depends on IFNy secreted by T, cells
(Miyauchi et al., 2016). We previously found that when we provided
TLR-activated antigen-presenting cells (APC) to aged mice, T, ef-
fectors and T, responses were largely restored and this resulted
in higher total IgG titers, including increased IgG2b, in aged hosts
(Brahmakshatriya et al., 2017). Given our findings here, it is likely
that much of that response may have been provided by ABC be-
coming iABC, and thus that strategies designed to enhance isotype-
switching in iABC could potentially be developed and provide higher
IgG responses as well in the aged.

Most previous studies have not considered CD21 CD23 ABC
as a heterogeneous population at different stages of development,
some but not all of which are likely to be previously Ag-experienced
(Hao et al., 2011; Russell Knode et al., 2017). For instance, Cancro's
studies suggested that Ag presentation drives generation or de-
velopment of CD21 CD23 ABC in unimmunized aged mice and
concluded ABC are memory cells (Cancro, 2020; Russell Knode
et al., 2017). Most ABC studied in humans are likely memory cells
and those in autoimmune conditions are likely self Ag-driven (Kugler-
Umana et al., 2020). However, we found that the ABC population in
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aged unimmunized SPF and GF mice, lacking most potential patho-
gen exposure, is composed of three subpopulations: a predominant
IgD" subset and a smaller IgD~ subset, consisting of IgM* and IgM™ B
cells (Figure 2). Thus, in GF mice, most IgD" and IgD”ABC developed
without foreign Ag exposure. It remains unclear whether the devel-
opment of the IgD"ABC subsets during aging, depends on self-Ag
recognition though there are studies indicating that some of the total
CD21°CD23"ABC in unimmunized SPF mice have undergone some
affinity maturation compared with FOB (Russell Knode et al., 2017),
suggesting that they may contain some Ag-experienced B cells. We
suggest that the IgD”ABC subset may account for those results. Our
data here shows that IgD*ABC are the progenitors of a predomi-
nant aged B cell response against influenza infection, suggests that
IgD*ABC express a broad BCR repertoire that includes a cohort that
recognizes influenza and can respond to infection in aged mice.

Our studies in SAP™" hosts (T, deficient) and T cell-depleted
aged mice show that iABC generation from IgD*ABC does not de-
pend on CD4 T cell help or T, (Figures 2 and 3). The T-cell inde-
pendence of this naive ABC response is consistent with the known
reduction of naive CD4 T cell response, including T, to infection
and to vaccines with age (Haynes & Swain, 2006). In contrast, the
autoimmune ABC response has been reported to require IFNy
and IL-21 produced by effector CD4 T cells (Manni et al., 2018;
Naradikian et al., 2016; Wang et al., 2018), which contrasts with
the T-independent generation of iABC. However, both the iABC
population here (Figure 1) and the published autoimmune ABC
(Kugler-Umana et al., 2020) express CD11c and T-bet, classic ABC
markers as well as CD11b and CD80 (Figure S4b). This raises the
possibility that ABC responses found in these different contexts
are driven by distinct pathways and that CD11c and T-bet may be
expressed by distinct effector ABC subsets. The autoimmune ABC
response may require CD4 T cell help, unlike anti-pathogen iABC
responses, which we postulate depend on higher pathogen and
Ag-presentation signals. Further definition of the strength and
duration of signals needed to drive ABC autoimmune versus pro-
tective pathways in mice of different ages and sexes, will clearly
be needed to define the full potential of ABC and to develop safe
but effective vaccines that harness the protective IgD*ABC in the
aged.

T-cell independent B cell responses rely more on PR pathways
for their generation (Bortnick et al., 2012). Many studies have shown
that cell-intrinsic TLR signaling plays an important role in GCB re-
sponses in somatic hypermutation and isotype class switching and
act in conjunction with T, help (Browne, 2012). Early activation
of extrafollicular autoimmune B cells in SLE, which includes differ-
ent ABC subsets (Jenks et al., 2018; Rubtsov et al., 2011), depends
on cell-intrinsic TLR7 signaling (Fillatreau et al., 2021; Teichmann
et al., 2013). We asked whether endosomal viral-sensing TLR sig-
nals in the B cells or in other innate cells, known to be strongly in-
duced by influenza RNA, are required for iABC generation We found
that iABC did not develop in response to influenza infection, in ei-
ther aged TLR7”~ or TLR9™™ mice, indicating that both TLR are re-
quired for iABC generation (Figure 5). Additionally, we found iABC
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development from IgD*ABC depends on cell-extrinsic TLR path-

ways, indicating non-ABC intrinsic pathways also play key roles in
iABC generation (Figure 5) (Pelka et al., 2018). We postulate that
high dependence of the ABC response on both TLR7 and TLR9, and
on cell-extrinsic endosomal TLR expression, limits ABC responses to
those stimulated by pathogens which provide very strong stimula-
tion of viral-sensing PR pathways (Kugler-Umana et al., 2020; Swain
etal, 2021).

The pathways of development of IgD*ABC in unimmunized mice
remains unclear. One hypothesis is that IgD*ABC are a naive subset
that develops as part of an intrinsic age-associated developmental
pathway (Swain et al., 2021). We postulate this has been selected by
evolution to limit autoimmunity but still allow responses to replicat-
ing pathogens that provide high sustained Ag and abundant PR sig-
nals. Another possibility is that with increasing age, innate immune
cells undergo changes that lead to a shift in homeostatic factors that
favor progenitor ABC development.

Since IgDTABC become AbSC and memory B cells (Figure 3), we
tested whether the ABC-derived Ab provide some level of protec-
tion against influenza (Figure 6). We transferred 10° polyclonal naive
IgD*ABC cells, which represents a small proportion of the in-situ
aged ABC population into MD4 hosts. We show that MD4 hosts
with transferred IgD*ABC make increased IAV-specific IgM and IgG
serum Ab titers compared with host without ABC and these Ab can
neutralize AV in a plaque assay (Figure 6). The presence of ABC in
IAV-infected MD4 mice also induced faster recovery from weight
loss. Thus, the increase in anti-IAV serum Ab after transfer of ABC
has a modest but significant effect on IAV clearance. Therefore, we
suggest that ABC responses against influenza are a critical part of
protection against novel infectious pathogens in the aged. We also
show that IgD*ABC can become memory in the spleen (Figure 3;j).
If they become long-lived influenza-specific LLPC in the BM and/or
memory B cells in the lung, which we have not yet established, they
could provide substantial local and systemic protection.

We found that in aged mice, whole inactivated influenza vac-
cine (WIV) efficiently generates iABC in the spleen, lung, and BM
(Figure 6). This raises the possibility that some vaccine strate-
gies may provide sufficient Ag and PR signals to generatate iABC.
However, whether WIV alone provides enough signals for iABC to
become AbSC and memory B cells remains unclear. Several studies
have shown that immunized aged mice are better protected against
infection than unmmunized mice (Baldwin et al., 2018; Cookenham
et al., 2020; Petsch et al., 2012; Ross et al., 2019). Administration of
two doses of a split HINI vaccine (Baldwin et al., 2018) or recom-
binant nucleoprotein vaccine (Cookenham et al., 2020) combined
with a TLR4 adjuvant increased protection against lethal HIN1 chal-
lenge in aged mice over vaccine alone. Other vaccine platforms such
as nanovax that provide increased PR signals, drive an increase of
anti-HA Ab titers in aged mice (Ross et al., 2019). Similar to these
adjuvanted vaccines, one dose of influenza mRNA vaccine, which
induced TLR7-mediated adaptive responses, protected aged mice
from lethal influenza challenge (Petsch et al., 2012). Thus, effec-
tive vaccine-generated immunity seems to correlate with providing
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increased levels of PR signals in the aged. Since iABC is the major

responding B cell subset in aged mice, we propose that protection
from lethal challenge quantified in these studies depends on this
subset. We suggest that readouts of iABC induction should be stud-
ied as a correlate of protection to target more effective vaccines for
the aged.

Our data suggests that ABC progenitors develop during aging as
an adaptation to mount immunity against novel pathogens via iABC ef-
fector responses. In contrast to other naive T and B immune responses
whose function declines drastically with age, the ABC response seems
inherently specialized to respond in an aged environment. Defining
each of the factors required for protective ABC responses should lead
to important insights into how to formulate and deliver vaccines to
generate ABC-mediated protection and improve in anti-pathogen im-

munity in the highly vulnerable aged populations.

4 | MATERIALS AND METHODS

4.1 | Mice

Young C57BL/6 (B6), BALB/c, and B6.CD45.1 mice were obtained
from the Jackson Laboratory. Aged (8-12weeks) C57BL/6 (B6),
BALB/c mice were obtained from the National Institute of Aging
(NIA). SAP™".CD45.1 mice and maintained in standard specific
pathogen free (SPF) housing at the Umass Chan facility. MD4. Ig-tg
mice were obtained from Dr. Andrea Reboldi, bred with B6.CD45.1
mice and maintained in standard specific pathogen free (SPF) hous-
ing at the Umass Chan facility. BALB/c.TLR7”", BALB/c TLR9™", and
Unc93b™~ mice were obtained from Dr. Ann Rothstein and these
strains were bred and maintained at the Umass Chan animal facility.
Young and aged germ-free C57BL/6 mice were bred and maintained
in the Gnotobiotic Core at the College of Veterinary Medicine, North
Carolina State University. Germ-free mice were housed in flexible
film isolators and provided with autoclaved food and water. Germ-
free status was evaluated at least once a month by culturing stool
samples in aerobic and anaerobic conditions. Aged SPF and GF mice
were at least 72 weeks old and young mice were at least 8 weeks old
prior to use. Animal use protocols were approved by the IACUCs at

Umass Chan and at North Carolina State University.

4.2 | Virus stocks, infections, and immunizations

Influenza A viruses (IAV) A/Puerto Rico/8/34 (PR8), originally from St.
Jude Children's Hospital, kindly provided by Dr. Peter Doherty, were
grown and maintained at the Trudeau Institute. IV (WIV): Formalin-
inactivated influenza vaccine (A/PR/8/34 [HAIN1]) was purchased
from Charles River Laboratories (material no. 10100782) and used at a
dose of 5 ug intravenously as in our previous studies (Xia et al., 2020).
Mice were anesthetized with isoflurane (Piramal Healthcare) and were
infected intranasally with influenza virus corresponding to a 0.3-0.4
LD, (25-33 PFU or 1500-2000 EID,) dose of AV in 50l of PBS.

4.3 | Adoptive B cell transfer and T cell depletion
Aged splenocytes were depleted of RBC and CD19*B220* B cells
were enriched by positive selection of CD43 and Ter-119 cells and
LD MACS columns (Miltenyi Biotec). CD43 Ter-119 splenocytes
were stained with FITC anti-B220 (Biolegend) BV421 anti-CD19
(Biolegend), PerCP Cy5.5 anti-CD23 (eBiosciences), APC-fluor 780
anti-CD21/35 (eBioscience), PE-Cy7 anti-lgD (Biolegend), APC
anti-CD43 (eBioscience), and APC anti-CD93 (AA4.1; eBiosci-
ence). CD23*(FOB), IgD* and IgD"CD21 CD23™ (ABC) lymphocytes
were sorted on a BD FACS Aria Il (BD Biosciences) at Umass Chan
Flowcore. Flow cytometric sorting yielded enrichments between
90% and 95% purity for each subset. 10° cells of each sorted subset
were transferred intravenous into SAP™™ or MD4 transgenic hosts
were sacrificed, and spleen, BM, and serum were harvested at 21-
30 DPI.

In some experiments, young and aged mice were treated i.p. with
250pg of either anti-Thy1.2-depleting antibody (30-H12; Bio X Cell)
or with an isotype control on O DPI and 7 DPI (Strutt et al., 2012).
Anti-Thy1.2 or isotype-control-treated mice were infected with
0.3LD., (25 PFU) dose of AV, sacrificed at 14 dpi and spleens were
harvested to analyze B cell responses.

4.3.1 | RNAsolation and sequencing

2x10% CD23* (FOB), IgD", and IgD~ CD21°CD23” (ABC) lympho-
cytes were isolated as described above and RNA was extracted
using RNAeasy plus Mini kit (Qiagen). RNA quality was checked
by mRNA fragment analysis performed by the Molecular Biology
Core are UMMS. RNA-sequencing were sent to Beijing Genomics
Institute (BGI), Shenzhen, China, for 50 bp single-end sequencing by
BGISEQ-500 sequencer. Oligo (dT) magnetic beads were used to se-
lect mRNA with polyA tail or hybridized the rRNA with DNA probe
and digested the DNA/RNA hybrid strand, followed by DNase | reac-
tion to remove DNA probe. After DNA removal, the target RNA was
fragmented and reverse transcripted to the double-strand cDNA
(dscDNA) by N6 random primer. The dscDNA was end repaired with
phosphate at 5’ end and stickiness “A” at 3’ end, then ligated and
adapted with stickiness T at 3’ end to the dscDNA. Next, two spe-
cific primers were used to amplify the ligation product. PCR prod-
ucts were then denatured by heat and the single strand DNA was
cyclized by splint oligo and DNA ligase. After that, 50bp single-end
sequencing was performed on the prepared library by BGISEQ-500.
At least 20M clean reads of sequencing depth were obtained for

each sample.

4.3.2 | RNA and GSEA analysis

RNA-seq raw data were filtered to obtain clean data after quality
control, including removing adaptors, reads with more than 10%
unknown bases and low-quality reads and aligned to the mouse
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genome (mm10) by HISAT239. Raw counts for each gene were cal-
culated by Htseq40. StringTie was used to estimate the expres-
sion level of detected genes 41. To ensure a robust analysis, genes
detected in less than half the samples of each group were not
taken into consideration for the DEG calculation. EdgeR was used
to evaluate the statistical significance of DEGs with raw counts,
and the additive linear model was used to compensate the batch
effect42. DEGs were defined as genes with FDR<0.01 and log2
fold change larger than 1 (upregulation) or smaller than -1 (down-
regulation). For GSEA analysis, we accessed the NCBI GEO reposi-
tory to obtain a list of upregulated and downregulated genes for
both CD21°CD23" ABC (Russell Knode et al., 2017; GEO number:
GSE81650) and CD11c*CD11b*ABC (Rubtsov et al., 2011; GEO
number: GSE28887) and constructed a ABC signature gene list.
GSEA analysis was performed using GSEA 4.1.0 software (Mootha
et al., 2003; Subramanian et al., 2005).

4.4 | Flow cytometry

Cells from spleen, lung, and BM were harvested and passed through
a 70uM nylon mesh, washed, and stained in FACS buffer [0.5%
Bovine Serum Albumin, 0.01% sodium azide (Sigma-Aldrich) in PBS].
Cells were stained with amine reactive viability dyes to exclude dead
cells (Invitrogen) and were blocked with anti-FcR (2.4G2) and NMS
(normal mouse serum). Surface antigens were stained with fluoro-
chrome conjugated antibodies. Antibodies used were as follows:
Alexa 700 anti-CD19 (6D5), FITC B220, PerCp Cy5.5 CD23, APC-
efluor 780 CD21/35, 1gD(11-26c¢), BV650 IgM, PE CD95 (Fas, Jo2),
APC GL7, and BV421 CD138. Following surface staining, cells were
fixed and permeabilized with BD Cytofix/Cytoperm (BD Bioscience)
kit following manufacturer's protocol for intracellular staining
of FITC IgA (Southern Biotech), 1gG2b, IgG2a/c, and PE-Cy7 IgG1
isotypes (Biolegend). Antibodies were obtained from eBioscience,
Biolegend, or BD Bioscience. Stained cells were acquired on an LSRII
flow cytometer (BD) and analyzed using FlowJo analysis software.
For T-bet staining, cells were fixed and permeabilized using the
FoxP3 fix/perm kit (eBioscience) following manufacturer's protocol
and stained with BV421T-bet (Biolegend). Antibodies were obtained
from eBioscience, Biolegend, or BD Bioscience. Expression levels
of different markers analyzed by flow cytometry are shown as MFI
(Median Fluorescence Intensity) or nMFI (normalized MFI). To cor-
rect for batch effects while pooling data from different experiments,
we normalized MFI by dividing each data point within an experiment
by the average MFI of non-Responding B cells. nMFI = MFI/(average
MFI of non-Responding B cells).

4.5 | ELISA

MaxiSORP plates (Nunc) were coated overnight at 4 degrees with in-

fluenza PR8 in carbonate buffer, washed with PBS containing 0.05%
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Tween and blocked with PBS containing 1% BSA and 0.01% Tween
for 1 hour at 37 degrees. Serum samples were serially diluted in PBS
containing 1% BSA and 0.01% Tween and incubated for 2 h at 37°C.
After washing, HRP-conjugated Abs specific for mouse IgM and total

1gG (Southern Biotechnology Associates) were added to plates and
incubated 1 h at 37°C. After washing, TMB buffer (Thermo) was
added, and color development was stopped with 2 M sulfuric acid
solution. The OD reading of the color reaction was measured at
492nm. EC,, IgM and total IgG titers were defined by half of the OD
reading of the lowest dilution.

4.6 | MDCK culture

MDCK (source) cells were seeded at 0.25x10° cells (Gross
etal.,, 2017) in a T-75 flasks and incubated 37 °C in 5% CO, for 2days
or until they reach 80%-90% confluency. Cells were then washed
with PBS, incubated with Trypsin at 37°C for 10 mins and FBS
was added to inactivate trypsin. Cells were washed and seeded at
0.25%10° cells in T-175 flasks. MDCK cells were allowed to reach
80%-90% confluency and seeded at 0.7 x 10%/well in 6-well plates
for plaque neutralization assay.

4.7 | Plaque neutralization assay

6-well plates were seeded with 0.7x10® MDCK cells and were al-
lowed to reach 120% confluency (2-3days of culture). Heat inacti-
vated serum was serially diluted and PR8 was diluted at 150 PFU/ml
in 1% Bovine Albumin Fraction V (BSA), 100 U/ml penicillin, 100 ug/
ml streptomycin, 100 pug/ml CaCl/MgCl, solution in PBS. Viral and
serum dilutions were mixed and incubated at 37°C for an 1 h (Gross
et al., 2017). 6-well plates were washed, inoculated with virus-serum
mixture, and incubated at 37°C for 2 h. Plates were rocked every
15minutes to prevent drying of MDCK cells. Two milliliter of agar
overlay medium composed of 0.6% agarose, 0.01% DEAE Dextran,
0.099% NaHCOs, 1 pug/ml TPCK Trypsin, 50% MEM, and 18% H,0O
solution were added to each well and the plate was incubated at
37°C for 48h. After plaques are formed, plaques were fixed with a
4% formaldehyde solution and incubated at room temperature for
1 h. Plaques were stained with a crystal violet solution for 15 mins at
room temperature and plaques were counted.

4.8 | Statistics

Unpaired, two-tailed, Student's t-test was used to assess statistical
significance between the means of two groups, with p<0.05 con-
sidered significant. Analysis was done using Prism (Graphpad) soft-
ware. Error bars in the figures represent the standard error of the
mean. Significance in the figures are indicated as *p <0.05, **p<0.01
and ***p <0.001.



KUGLER-UMANA ET AL.

16 of 18 WI LEY- Aging

AUTHOR CONTRIBUTIONS

O.K.U., P.D,, and S.L.S. wrote the manuscript with assistance from
A.M.R.and S.L.T. S.L.S and O.K.U conceived the project. O.K.U. and
P.D. designed and analyzed the experiments. O.K.U carried out ex-
periments with help from P.D., W.Z., Y.K., J.L., C.H.C., and S.L.T. All
authors contributed to editing, read and approved the submitted

version.

ACKNOWLEDGMENTS

We gratefully acknowledge the expert technical assistance of Karen
Flores for maintenance of germ-free mice in the Gnotobiotic Core at
the College of Veterinary Medicine, North Carolina State University.
The Gnotobiotic Core is supported by the NIH funded Center for
Gastrointestinal Biology and Disease, NIDDK P30 DK034987. We
thank the Umass Chan flow cytometry core for help with cell sort-
ing. We also would like to thank Mike Perkins for assistance with
experiments and animal husbandry. Graphical abstract was created
using Biorender Software. Support for these studies was provided
to Swain by NIH (R37AI22125, PO1AG01743, PO1AG021600,
R37AG025805, PO1AI46530, R21AG068313, R21AI1288,
R21AG058758, RO1AI11882, T32Al007349, R25GM113686, and
T32AI1132152) to O.K.U.

CONFLICT OF INTERESTS

The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT
Data available in article as supporting information.

ORCID
Olivia Kugler-Umana " https://orcid.org/0000-0003-4378-8291

Susan L. Swain "= https://orcid.org/0000-0002-3643-8018

REFERENCES

Abreu, R. B., Clutter, E. F., Attari, S., Sautto, G. A., & Ross, T. M. (2020).
IgA responses following recurrent influenza virus vaccination.
Frontiers in Immunology, 11, 902.

Allman, D., Wilmore, J. R.,, & Gaudette, B. T. (2019). The continuing
story of T-cell independent antibodies. Immunological Reviews, 288,
128-135.

Baldwin, S. L., Hsu, F. C., Van Hoeven, N., Gage, E., Granger, B., Guderian,
J. A, Larsen, S. E., Lorenzo, E. C,, Haynes, L., Reed, S. G., & Coler,
R. N. (2018). Improved immune responses in young and aged
mice with adjuvanted vaccines against HIN1 influenza infection.
Frontiers in Imnmunology, 9, 295.

Bartleson, J. M., Radenkovic, D., Covarrubias, A. J., Furman, D., Winer,
D. A., & Verdin, E. (2021). SARS-CoV-2, COVID-19 and the aging
immune system. Nature Aging, 1, 769-782.

Birjandi, S. Z., Ippolito, J. A., Ramadorai, A. K., & Witte, P. L. (2011).
Alterations in marginal zone macrophages and marginal zone B cells
in old mice. Journal of Inmunology, 186, 3441-3451.

Bohannon, C., Powers, R., Satyabhama, L., Cui, A., Tipton, C., Michaeli,
M., Skountzou, |., Mittler, R. S., Kleinstein, S. H., Mehr, R, Lee,
F. E. Y., Sanz, |, Jacob, J., Eun-Hyung Lee, F.,, Sanz, I., & Jacob, J.
(2016). Long-lived antigen-induced IgM plasma cells demonstrate
somatic mutations and contribute to long-term protection. Nature
Communications, 7, 1-13.

Bortnick, A., Chernova, I., Quinn, W. J., Mugnier, M., Cancro, M. P,, &
Allman, D. (2012). Long-lived bone marrow plasma cells are in-
duced early in response to T cell-independent or T cell-dependent
antigens. Journal of Immunology, 188, 5389-5396. https://doi.
org/10.4049/jimmunol.1102808

Brahmakshatriya, V., Kuang, Y., Devarajan, P., Xia, J., Zhang, W,
Vong, A. M., & Swain, S. L. (2017). IL-6 production by TLR-
activated APC broadly enhances aged cognate CD4 helper and
B cell antibody responses in vivo. Journal of Immunology, 198,
2819-2833.

Browne, E. P. (2012). Regulation of B-cell responses by toll-like recep-
tors. Immunology, 136, 370-379.

Cancro, M. P.(2020). Age-associated B cells. Annual Review of Inmunology,
38, 315-340.

Cerutti, A., Cols, M., & Puga, I. (2013). Marginal zone B cells: Virtues
of innate-like antibody-producing lymphocytes. Nature Reviews.
Immunology, 13, 118-132.

Chinn, I. K., Blackburn, C. C., Manley, N. R., & Sempowski, G. D. (2012).
Changes in primary lymphoid organs with aging. Seminars in
Immunology, 24, 309-320.

Cookenham, T., Lanzer, K. G., Gage, E., Lorenzo, E. C., Carter, D., Coler,
R. N., Baldwin, S. L., Haynes, L., Reiley, W. W., & Blackman, M. A.
(2020). Vaccination of aged mice with adjuvanted recombinant in-
fluenza nucleoprotein enhances protective immunity. Vaccine, 38,
5256-5267.

Courey-Ghaouzi, A.-D., Kleberg, L., & Sundling, C. (2022). Alternative
B cell differentiation during infection and inflammation.
Frontiers in Immunology, 13, 3192. https://doi.org/10.3389/
fimmu.2022.908034

Devarajan, P., & Swain, S. L. (2019). Original antigenic sin: Friend or foe in
developing a broadly cross-reactive vaccine to influenza? Cell Host
& Microbe, 25, 354-355.

Dorshkind, K., & Swain, S. (2009). Age-associated declines in immune
system development and function: Causes, consequences, and re-
versal. Current Opinion in Immunology, 21, 404-407.

Du, S. W., Arkatkar, T., Al Qureshah, F., Jacobs, H. M., Thouvenel, C.
D., Chiang, K., Largent, A. D., Li, Q.-Z., Hou, B., Rawlings, D. J., &
Jackson, S. W. (2019). Functional characterization of CD11c + age-
associated B cells as memory B cells. Journal of Imnmunology, 203,
2817-2826.

Dugan, H. L., Henry, C., & Wilson, P. C. (2020). Aging and influenza
vaccine-induced immunity. Cellular Inmunology, 348, 103998.
Eaton, S. M., Burns, E. M., Kusser, K., Randall, T. D., & Haynes, L. (2004).
Age-related defects in CD4 T cell cognate helper function lead
to reductions in humoral responses. The Journal of Experimental

Medicine, 200, 1613-1622.

Eaton, S. M., Maue, A. C., Swain, S. L., & Haynes, L. (2008). Bone marrow
precursor cells from aged mice generate CD4 T cells that function
well in primary and memory responses. Journal of Inmunology, 181,
4825-4831.

Fillatreau, S., Manfroi, B., & Doérner, T. (2021). Toll-like receptor signal-
ling in B cells during systemic lupus erythematosus. Nature Reviews
Rheumatology, 17, 98-108.

Fink, A. L., Engle, K., Ursin, R. L., Tang, W. Y., & Klein, S. L. (2018).
Biological sex affects vaccine efficacy and protection against in-
fluenza in mice. Proceedings of the National Academy of Sciences
of the United States of America, 115, 12477-12482. https://doi.
org/10.1073/pnas.1805268115

Frasca, D., & Blomberg, B. B. (2020). Aging induces B cell defects and
decreased antibody responses to influenza infection and vaccina-
tion. Immunity & Ageing, 17, 1-10. https://doi.org/10.1186/51297
9-020-00210-z

Gibson, K. L., Wu, Y. C., Barnett, Y., Duggan, O., Vaughan, R., Kondeatis,
E., Nilsson, B. O., Wikby, A., Kipling, D., & Dunn-Walters, D. K.
(2009). B-cell diversity decreases in old age and is correlated with
poor health status. Aging Cell, 8, 18-25.


https://orcid.org/0000-0003-4378-8291
https://orcid.org/0000-0003-4378-8291
https://orcid.org/0000-0002-3643-8018
https://orcid.org/0000-0002-3643-8018
https://doi.org/10.4049/jimmunol.1102808
https://doi.org/10.4049/jimmunol.1102808
https://doi.org/10.3389/fimmu.2022.908034
https://doi.org/10.3389/fimmu.2022.908034
https://doi.org/10.1073/pnas.1805268115
https://doi.org/10.1073/pnas.1805268115
https://doi.org/10.1186/s12979-020-00210-z
https://doi.org/10.1186/s12979-020-00210-z

KUGLER-UMANA ET AL.

Gross, F. L., Bai, Y., Jefferson, S., Holiday, C., & Levine, M. Z. (2017).
Measuring influenza neutralizing antibody responses to a(H3N2)
viruses in human sera by microneutralization assays using MDCK-
SIAT1 cells. Journal of Visualized Experiments, 2017, e56448.

Guerrettaz, L. M., Johnson, S. A., & Cambier, J. C. (2008). Acquired hema-
topoietic stem cell defects determine B-cell repertoire changes as-
sociated with aging. Proceedings of the National Academy of Sciences
of the United States of America, 105, 11898-11902.

Hao, Y., O'Neill, P., Naradikian, M. S., Scholz, J. L., & Cancro, M. P. (2011).
A B-cell subset uniquely responsive to innate stimuli accumulates in
aged mice. Blood, 118, 1294-1304.

Haynes, L., Eaton, S. M., Burns, E. M., Rincon, M., & Swain, S. L. (2004).
Inflammatory cytokines overcome age-related defects in CD4 T
cell responses in vivo. Journal of Immunology, 172, 5194-5199.

Haynes, L., & Swain, S. L. (2006). Why aging T cells fail: Implications for
vaccination. Immunity, 24, 663-666.

lwasaki, A., & Medzhitov, R. (2015). Control of adaptive immunity by the
innate immune system. Nature Immunology, 16, 343-353.

Jenks, S. A., Cashman, K. S., Zumaquero, E., Marigorta, U. M., Patel, A.
V., Wang, X., Tomar, D., Woodruff, M. C., Simon, Z., Bugrovsky,
R., Blalock, E. L., Scharer, C. D., Tipton, C. M., Wei, C., Lim, S. S.,
Petri, M., Niewold, T. B., Anolik, J. H., Gibson, G, ... Sanz, |. (2018).
Distinct effector B cells induced by unregulated toll-like receptor
7 contribute to pathogenic responses in systemic lupus erythe-
matosus. Immunity, 49, 725-739.e6. https://doi.org/10.1016/j.
immuni.2018.08.015

Johnson, J. L, Rosenthal, R. L., Knox, J. J., Myles, A., Naradikian, M. S.,
Madej, J., Kostiv, M., Rosenfeld, A. M., Meng, W., Christensen, S. R.,
Hensley, S. E., Yewdell, J., Canaday, D. H., Zhu, J., McDermott, A. B.,
Dori, Y., Itkin, M., Wherry, E. J., Pardi, N., ... Cancro, M. P. (2020).
The transcription factor T-bet resolves memory B cell subsets with
distinct tissue distributions and antibody specificities in mice and
humans. Immunity, 52, 842-855.e6.

Jones, S. C., Brahmakshatriya, V., Huston, G., Dibble, J., & Swain, S. L.
(2010). TLR-activated dendritic cells enhance the response of aged
naive CD4 T cells via an IL-6-dependent mechanism. Journal of
Immunology, 185, 6783-6794.

Kamperschroer, C., Dibble, J. P., Meents, D. L., Schwartzberg, P. L., &
Swain, S. L. (2006). SAP is required for Th cell function and for im-
munity to influenza. Journal of Immunology, 177, 5317-5327.

Kamperschroer, C., Roberts, D. M., Zhang, Y., Weng, N., & Swain, S. L.
(2008). SAP enables T cells to help B cells by a mechanism distinct
from Th cell programming or CD40 ligand regulation. Journal of
Immunology, 181, 3994-4003.

Kline, K. A., & Bowdish, D. M. E. (2016). Infection in an aging population.
Current Opinion in Microbiology, 29, 63-67.

Kugler-Umana, O., Devarajan, P., & Swain, S. L. (2020). Understanding
the heterogeneous population of age-associated B cells and their
contributions to autoimmunity and immune response to pathogens.
Critical Reviews in Immunology, 40, 297-309.

Lefebvre, J. S., Masters, A. R., Hopkins, J. W., & Haynes, L. (2016). Age-
related impairment of humoral response to influenza is associated
with changes in antigen specific T follicular helper cell responses.
Scientific Reports, 6, 25051.

Manni, M., Gupta, S., Ricker, E., Chinenov, Y., Park, S. H., Shi, M.,
Pannellini, T., Jessberger, R., Ivashkiv, L. B., & Pernis, A. B. (2018).
Regulation of age-associated B cells by IRF5 in systemic autoimmu-
nity. Nature Immunology, 19, 407-419.

McElhaney, J. E. (2011). Influenza vaccine responses in older adults.
Ageing Research Reviews, 10, 379-388.

McElhaney, J. E., Kuchel, G. A., Zhou, X., Swain, S. L., & Haynes, L. (2016).
T-cell immunity to influenza in older adults: A pathophysiological
framework for development of more effective vaccines. Frontiers
in Immunology, 7, 41.

Miyauchi, K., Sugimoto-Ishige, A., Harada, Y., Adachi, Y., Usami, Y., Kaji,
T., Inoue, K., Hasegawa, H., Watanabe, T., Hijikata, A., Fukuyama,

Aging ) —WlLEY 17 of 18

S., Maemura, T., Okada-Hatakeyama, M., Ohara, O., Kawaoka, Y.,
Takahashi, Y., Takemori, T., & Kubo, M. (2016). Protective neutraliz-
ing influenza antibody response in the absence of T follicular helper
cells. Nature Immunology, 17, 1447-1458.

Mootha, V. K., Lindgren, C. M., Eriksson, K. F., Subramanian, A., Sihag,
S., Lehar, J., Puigserver, P., Carlsson, E., Ridderstrale, M., Laurila,
E., Houstis, N., Daly, M. J., Patterson, N., Mesirov, J. P., Golub, T.
R., Tamayo, P., Spiegelman, B., Lander, E. S., Hirschhorn, J. N, ...
Groop, L. C. (2003). PGC-1a-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabe-
tes. Nature Genetics, 34, 267-273.

Naradikian, M. S., Myles, A., Beiting, D. P., Roberts, K. J., Dawson, L.,
Herati, R. S., Bengsch, B., Linderman, S. L., Stelekati, E., Spolski, R.,
Wherry, E. J., Hunter, C., Hensley, S. E., Leonard, W. J., & Cancro,
M. P. (2016). Cutting edge: IL-4, IL-21, and IFN-y interact to gov-
ern T-bet and CD11c expression in TLR-activated B cells. Journal of
Immunology, 197, 1023-1028.

Nutt, S. L., Hodgkin, P. D., Tarlinton, D. M., & Corcoran, L. M. (2015).
The generation of antibody-secreting plasma cells. Nature Reviews
Immunology, 15, 160-171.

Ols, M. L., Cullen, J. L., Turqueti-Neves, A., Giles, J., & Shlomchik, M. J.
(2016). Dendritic cells regulate extrafollicular autoreactive B cells
via T cells expressing Fas and Fas ligand. Immunity, 45, 1052-1065.

Onodera, T., Hosono, A., Odagiri, T., Tashiro, M., Kaminogawa, S., Okuno,
Y., Kurosaki, T., Ato, M., Kobayashi, K., & Takahashi, Y. (2016).
Whole-virion influenza vaccine recalls an early burst of high-
affinity memory B cell response through TLR signaling. Journal of
Immunology, 196, 4172-4184.

Onodera, T., Takahashi, Y., Yokoi, Y., Ato, M., Kodama, Y., Hachimura, S.,
Kurosaki, T., & Kobayashi, K. (2012). Memory B cells in the lung
participate in protective humoral immune responses to pulmonary
influenza virus reinfection. Proceedings of the National Academy of
Sciences of the United States of America, 109, 2485-2490.

Pelka, K., Bertheloot, D., Reimer, E., Phulphagar, K., Schmidt, S. V,,
Christ, A., Stahl, R., Watson, N., Miyake, K., Hacohen, N., Haas, A.,
Brinkmann, M. M., Marshak-Rothstein, A., Meissner, F., & Latz, E.
(2018). The chaperone UNC93B1 regulates toll-like receptor sta-
bility independently of endosomal TLR transport. Immunity, 48,
911-922.€7.

Petsch, B., Schnee, M., Vogel, A. B., Lange, E., Hoffmann, B., Voss, D.,
Schlake, T., Thess, A., Kallen, K. J., Stitz, L., & Kramps, T. (2012).
Protective efficacy of in vitro synthesized, specific mRNA vac-
cines against influenza a virus infection. Nature Biotechnology, 30,
1210-1216.

Phalke, S., & Marrack, P. (2018). Age (autoimmunity) associated B cells
(ABCs) and their relatives. Current Opinion in Immunology, 55, 75-
80. https://doi.org/10.1016/j.c0i.2018.09.007

Ratliff, M., Alter, S., Frasca, D., Blomberg, B. B., & Riley, R. L. (2013). In
senescence, age-associated b cells secrete tnfa and inhibit survival
of b-cell precursors. Aging Cell, 12, 303-311.

Rookhuizen, D. C., & DeFranco, A. L. (2014). Toll-like receptor 9 signaling
acts on multiple elements of the germinal center to enhance anti-
body responses. Proceedings of the National Academy of Sciences of
the United States of America, 111, E3224-E3233.

Ross, K., Senapati, S., Alley, J., Darling, R., Goodman, J., Jefferson, M., Uz,
M., Guo, B., Yoon, K. J., Verhoeven, D., Kohut, M., Mallapragada, S.,
Wannemuehler, M., & Narasimhan, B. (2019). Single dose combina-
tion nanovaccine provides protection against influenza a virus in
young and aged mice. Biomaterials Science, 7, 809-821.

Rubtsov, A. V., Rubtsova, K., Fischer, A., Meehan, R. T., Gillis, J. Z.,
Kappler, J. W., & Marrack, P. (2011). Toll-like receptor 7 (TLR7)-
driven accumulation of a novel CD11c+ B-cell population is import-
ant for the development of autoimmunity. Blood, 118, 1305-1315.

Rubtsov, A. V., Rubtsova, K., Kappler, J. W., & Marrack, P. (2013). TLR7
drives accumulation of ABCs and autoantibody production in
autoimmune-prone mice. Immunologic Research, 55, 210-216.


https://doi.org/10.1016/j.immuni.2018.08.015
https://doi.org/10.1016/j.immuni.2018.08.015
https://doi.org/10.1016/j.coi.2018.09.007

KUGLER-UMANA ET AL.

18 of 18 WI LEY- Aging

Rubtsova, K., Rubtsov, A. V., Thurman, J. M., Mennona, J. M., Kappler,
J. W., & Marrack, P. (2017). B cells expressing the transcription
factor T-bet drive lupus-like autoimmunity. The Journal of Clinical
Investigation, 127, 1392-1404.

Russell Knode, L. M., Naradikian, M. S., Myles, A., Scholz, J. L., Hao, Y.,
Liu, D., Ford, M. L., Tobias, J. W., Cancro, M. P., & Gearhart, P. J.
(2017). Age-associated B cells express a diverse repertoire of V H
and Vk genes with somatic hypermutation. Journal of Immunology,
198, 1921-1927.

Scholz, J. L., Diaz, A., Riley, R. L., Cancro, M. P,, & Frasca, D. (2013). A
comparative review of aging and B cell function in mice and hu-
mans. Current Opinion in Immunology, 25, 504-510.

Shaw, A. C., Goldstein, D.R., & Montgomery, R. R.(2013). Age-dependent
dysregulation of innate immunity. Nature Reviews. Immunology, 13,
875-887.

Shifrut, E., Baruch, K., Gal, H., Ndifon, W., Deczkowska, A., Schwartz,
M., & Friedman, N. (2013). CD4+ T cell-receptor repertoire diver-
sity is compromised in the spleen but not in the bone marrow of
aged mice due to private and sporadic clonal expansions. Frontiers
in Immunology, 4, 379.

Skountzou, |., Satyabhama, L., Stavropoulou, A., Ashraf, Z., Esser, E. S.,
Vassilieva, E., Koutsonanos, D., Compans, R., & Jacob, J. (2014).
Influenza virus-specific neutralizing IgM antibodies persist for a
lifetime. Clinical and Vaccine Immunology, 21, 1481.

Strutt, T. M., McKinstry, K. K., Kuang, Y., Bradley, L. M., & Swain, S. L.
(2012). Memory CD4+ T-cell-mediated protection depends on sec-
ondary effectors that are distinct from and superior to primary ef-
fectors. Proceedings of the National Academy of Sciences of the United
States of America, 109, E2551-E2560.

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L.,
Gillette, M. A., Paulovich, A., Pomeroy, S. L., Golub, T. R., Lander,
E. S., & Mesirov, J. P. (2005). Gene set enrichment analysis: A
knowledge-based approach for interpreting genome-wide expres-
sion profiles. Proceedings of the National Academy of Sciences of the
United States of America, 102, 15545-15550.

Sutton, H. J., Aye, R,, Idris, A. H., Vistein, R., Nduati, E., Kai, O., Mwacharo,
J., Li, X, Gao, X., Andrews, T. D., Koutsakos, M., Nguyen, T. H. O,
Nekrasov, M., Milburn, P., Eltahla, A., Berry, A. A., Natasha, K. C.,
Chakravarty, S., Sim, B. K. L., ... Cockburn, I. A. (2021). Atypical B
cells are part of an alternative lineage of B cells that participates in
responses to vaccination and infection in humans. Cell Reports, 34,
108684.

Swain, S. L., Kugler-Umana, O., Kuang, Y., & Zhang, W. (2017). The prop-
erties of the unique age-associated B cell subset reveal a shift in
strategy of immune response with age. Cellular Inmunology, 321,
52-60.

Swain, S. L., Kugler-Umana, O., & Tonkonogy, S. L. (2021). An intrin-
sic program determines key age-associated changes in adaptive

immunity that limit response to non-pathogens. Frontiers in Aging,
2, 21. https://doi.org/10.3389/fragi.2021.701900

Teichmann, L. L., Schenten, D., Medzhitov, R., Kashgarian, M., &
Shlomchik, M. J. (2013). Signals via the adaptor MyD88 in B cells
and DCs make distinct and synergistic contributions to immune ac-
tivation and tissue damage in lupus. Immunity, 38, 528-540.

Turner, V. M., & Mabbott, N. A. (2017). Ageing adversely affects the
migration and function of marginal zone B cells. Immunology, 151,
349-362. https://doi.org/10.1111/imm.12737

Wang, S., Wang, J., Kumar, V., Karnell, J. L., Naiman, B., Gross, P. S.,
Rahman, S., Zerrouki, K., Hanna, R., Morehouse, C., Holoweckyj, N.,
Liu, H., Casey, K., Smith, M., Parker, M., White, N., Riggs, J., Ward,
B., Bhat, G, ... Ettinger, R. (2018). IL-21 drives expansion and plasma
cell differentiation of autoreactive CD11chiT-bet+ B cells in SLE.
Nature Communications, 9, 1758.

Wong, C. K., Smith, C. A., Sakamoto, K., Kaminski, N., Koff, J. L., &
Goldstein, D. R. (2017). Aging impairs alveolar macrophage phago-
cytosis and increases influenza-induced mortality in mice. Journal
of Immunology, 199, 1060-1068.

Xia, J., Kuang, Y., Liang, J., Jones, M., & Swain, S. L. (2020). Influenza
vaccine-induced CD4 effectors require antigen recognition at an
effector checkpoint to generate CD4 lung memory and antibody
production. Journal of Immunology, 205, 2077-2090.

Zhang, W., Brahmakshatriya, V., & Swain, S. L. (2014). CD4 T cell defects
in the aged: Causes, consequences and strategies to circumvent.
Experimental Gerontology, 54, 67-70.

Zhou, X., & McElhaney, J. E. (2011). Age-related changes in memory and
effector T cells responding to influenza a/H3N2 and pandemic a/
H1N1 strains in humans. Vaccine, 29, 2169-2177.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kugler-Umana, O., Zhang, W.,

Kuang, Y., Liang, J., Castonguay, C. H., Tonkonogy, S. L.,
Marshak-Rothstein, A., Devarajan, P., & Swain, S. L. (2022).
IgD* age-associated B cells are the progenitors of the main
T-independent B cell response to infection that generates
protective Ab and can be induced by an inactivated vaccine in
the aged. Aging Cell, 21, e13705. https://doi.org/10.1111/
acel.13705



https://doi.org/10.3389/fragi.2021.701900
https://doi.org/10.1111/imm.12737
https://doi.org/10.1111/acel.13705
https://doi.org/10.1111/acel.13705

	IgD+ age-­associated B cells are the progenitors of the main T-­independent B cell response to infection that generates protective Ab and can be induced by an inactivated vaccine in the aged
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|In aged mice, iABC are the dominant responding B cells to IAV
	2.2|iABC include CD138+ plasma cells, that express mostly IgM with smaller IgG2b+ and IgA+ subsets
	2.3|ABC in unimmunized mice are a heterogenous population of IgD+ and IgD− ABC
	2.4|IgD+ABC share a common gene signature with previously reported ABC
	2.5|iABC develop independently of T cells
	2.6|IgD+ABC give rise to iABC
	2.7|IgD+ABC, not FOB, are the progenitors of iABC
	2.8|Responding IgD+ABC, not FOB become memory B cells
	2.9|ABC accumulation is independent of commensal bacteria and foreign Ag
	2.10|Development of ABC is independent of TLR7 and TLR9
	2.11|IgD+ABC require cell-­extrinsic endosomal TLR7 and TLR9 signals to generate iABC
	2.12|ABC responses to IAV result in neutralizing anti-­influenza Ab
	2.13|ABC also generate an iABC response to inactivated influenza immunization

	3|DISCUSSION
	4|MATERIALS AND METHODS
	4.1|Mice
	4.2|Virus stocks, infections, and immunizations
	4.3|Adoptive B cell transfer and T cell depletion
	4.3.1|RNA isolation and sequencing
	4.3.2|RNA and GSEA analysis

	4.4|Flow cytometry
	4.5|ELISA
	4.6|MDCK culture
	4.7|Plaque neutralization assay
	4.8|Statistics

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTERESTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


